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TFTREE DIMENSION IMAGING BY DUAL WAVELENGTH TRIANGULATION 

FIELD OF THE INVENTION 

The invention relates to three dimensional visual imaging, and in particular to 
recovering a three dimensional image of an object from a two dimensional image of the object. 

BACKGROUND OF THE INVENTION 
The real world has three spatial dimensions. The biological eye, cameras and other 
visxial sensing devices however, image reahty by projecting Ught from three dimensional 
objects onto two dimensional surfaces (more accurately,, surfaces defined by two independent 
variables). These imaging systems thereby "lose" one of the three dimensions of reality. The 
depth of view, or the distance of objects from the vision imaging system is not registered. 
Nature has invested heavily in recovering the third dimension and has provided living s>^tems 
with 3D visual imaging systems. Biological systems do this generally by coupling the eyes in 
a stereoscopic geometry and providing the brain with highly sophisticated pattern recognition 
capabilities that interpret what the eyes see. 

Human technology is subject to considerable stimulus to copy nature and provide man 
made vision imaging systems that provide some of the same real time 3D capabilities of 
biological systems.-,As human technology progresses and becomes more sophisticated, the need 
and demand for such 3D vision imaging systems become ever more intense. 

Three dimensional visual imaging systems are needed for a rapidly growing list of 
many different applications, such as profile inspection of manufactured goods, thickness 
measurements, CAD verification and robot vision. Many of these applications require 3D 
visual imaging systems that provide a complete 3D "depth map" of the surface of the object in 
real time. A depth map is basically a topographical map, very much like a geographic 
topographical map, of the surface of the object as seen from the perspective of the imaging 
system. Real time imaging is considered to be imaging that can provide image fi^mes at video 
frame rates from 25H2 and up. 

Different technical approaches are used to provide 3D visual imaging. Many of these 
approaches, at the present level of technology, are unable to provide satisfactory low cost 3D 
imaging in real time. 

Attempts to copy nature and provide man made vision with real time stereoscopic 
vision have proven to be extremely difficult. Stereo vision systems which are useable for non 
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quantitative depth sensing are computationally complicated, and at the present state of the art " 
are inaccurate and too slow for many applications and for real time 3D imaging. 

Visual image systems using range from focus, which determine range by determining at 
what focal length feanires on an object are in focus, are often unsatisfactory, at least in part, 
5 because they are slow. Range from focus systems require the acquisition and analysis of many 
image frames taken at different focus settings of the system's optics to determine range to a 
particular feature or group of features of an object imaged. On the other hand, an imaging 
system using range from defocus, as reported in IEEE Transactions on Pattern Analysis and 
Machine Intelligence, Vol 18, No 12, Dec. 1996 by S, K. Nayar et al, is rapid and can produce 
10 a 512 X 480 depth map of an object at video frame rates (30 Hz). However, it is relatively 
inaccxirate and limited in range. 

Time of flight systems, using laser ranging, measure the range to many points on the 
surface of an object to produce a 3D map of the object. Points on the surface are sequentially 
illuminated by laser light and the traversal time of the light to each point and back to the 
1 5 imaging system is measured. While capable of providing accurate distance measurements, the 
sequential nature of the measurement process causes such systems to be slow. 

A type of 3D imaging system which is very rapid is described in PCT patent application 
PCT/IL/96/00020 filed through the Israel Patent Office by the same apphcant as the applicant 
of the present application, and published as International Publication WO97/01111, which is 
20 incorporated herein by reference. 

A visual imaging system described in an article "Wavelength Scanning Profilometry for 
Real Time Surface Shape Measurement" by S. Kuwamura and Ichirou Yamaguchi, in Applied 
Optics, Vol. 36, No 19, July 1997, proposes 3D imaging by ranging using interference between 
two variable wave length beams. One of the beams is reflected off a reference mirror and the 
25 other off the surface of an object being visuaUzed. The wavelength of the laser light beams is 
varied over a continuous range and the intensity of the interfering laser beams at each pixel of a 
CCD detector array is monitored. The range to a point can be determined by the number of 
times the interference pattern at a pixel at which the point is imaged goes through a minimum 
for a given change in laser wavelength. The concept is in the experimental stage and, while 
30 accurate, it appears to be limited in field of view and in the maximum difference between 
distances to the surface that it can effectively measure. 
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A particularly robust and simple method of 3D imaging is active triangulation. In active " 
triangulation, generally, a thin fan beam of laser hght illuminates the surface of an object along 
a thin stripe on the surface. Light reflected from the illuminated stripe is incident on pixels in a 
detector array, such as a detector array in a CCD camera. Each illxmiinated pixel in the array is 
illuminated by light reflected from a different, highly localized, spot on the stripe. The position 
of an illuminated pixel in the array and the angle, hereafter the "scan angle", that the plane of 
the fan beam makes with a reference coordinate system is sufficient to determine the three 
spatial coordinates of the spot on the surface of the object which is the source of reflected laser 
hght illumiaating the pixel. To produce a complete 3D map of the surface of the object, the 
scan angle is incremented so that the fan beam scans the surface of the object, illuminating it 
successively along different closely spaced stripes on the surface. For each of these closely 
spaced stripes, the 3D coordinates of the spots corresponding to illuminated pixels are 
calculated. 

However, if all the illuminated pixels in the scan are recorded on a same CCD image 
frame it is impossible to associate a particular pixel with the scan angle from which it was 
illuminated. Conventionally, therefore, a complete, single, unage frame is acquired and, 
processed for each illuminated stripe in order to maintain correspondence between illuminated 
pixels and the scan angles at which they are illuminated. Since only a small fraction of the 
pixels in a frame are illtuninated for each stripe this is an extremely wasteful and slow way to 
acquire data. Furthermore each of the pixels in a frame has to be processed in order to 
determine which of the pixels is illuminated. Not only is the data collection method wasteful 
but it is also very slow. 

In an article entitled "A Very Compact Two-dimensional Triangulation-based Scarming 
System for Robot Vision" by Jurgen Klicker in SPDE Vol. 1822 (1992)/217, an active 
triangulation imaging system is presented that is fast enough for real time imaging. This system 
is however relatively expensive, and it requires integrating the system's camera with special 
circuits that translate data processing tasks into hardware. 

Another attempt to increase the speed of 3D imaging using active triangulation is 
reported by Z. Jason Geng, in Opt. Eng. 35(2) 376-383 (Feb. 1996). In this method, an object is 
illuminated by a wide solid angle cone of hght. The color of light rays in the cone is varied as 
a function of position in the cone in such a way that light rays having the same color illuminate 
the object at a same angle. The angle is known from the geometry of the cone. The color of the 
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light reflected from a point on the surface of the object therefore identifies the angle at which" 
the point is illuminated by light from the light cone The system, while appearing to be fast has 
yet to be proven to be accurate. Acciiracy will most probably be affected by ambient lighting 
conditions and suffer from variations in color reflectivity of the surface of the object imaged. 

There is a need for a real time 3D visual imaging system that provides precision 
measurements of a surface's contours, that is insensitive to ambient lighting conditions and 
variability in surface reflectivity, and that is mechanically and computationally inexpensive and 
simple, 

SUMMARY OF THE INVENTION 

It is an object of the present invention to provide a 3D real time visual imaging system 
that is computationally and mechanically simple, that is relatively insensitive to ambient 
Ughting conditions and surface reflectivity of objects imaged, and that can provide precision 
imaging at relatively low cost. 

A 3D visual imaging system, in accordance with a preferred embodiment of the present 
invention, accomplishes this object using an active triangulation imaging system. A laser light 
beam, preferably a fan beam, scans an object being imaged. The scan angle is coded into the 
light in the fan beam. Detector pixels in the imaging system illuminated by reflected light from 
a stripe on the surface of the object illuminated by the fan beam, register the scan angle coding 
when they register the intensity at which they are illuminated. Each illuminated pixel therefore 
is coded with information that can be used to determine the scan angle at which it is 
illimiinated. 

By coding each illuminated pixel with scan angle information, a complete image frame 
does not have to be acquired and processed for each scan angle in order to associate pixels with 
the scan angle at which they are illuminated. This reduces both the data acquisition time and 
data processing time in comparison to conventional 3D triangulation imaging. As a result, a 3D 
imaging system, in accordance with a preferred embodiment of the present invention, can 
provide real time precision imaging using a simple triangulation procedure. Furthermore, a 3D 
imaging system, in accordance with a preferred embodiment of the present invention, does not 
require special equipment, and can be built inexpensively using substantially standard, off the 
shelf components and simple circuits. 

In a visual imaging system, in accordance with a preferred embodiment of the present 
invention, an object to be imaged is scanned, preferably, with a laser fan beam having narrow 
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peaks of intensity at different wavelengths, hereafter "peak wavelengths". Preferably the peak 
wavelengths are closely spaced so that reflection from the sxirface is substantially the same for 
light at any of the peak wavelengths. As the fan beam scans the object, the intensity of the fan 
beam at the different peak wavelengths is modulated so a set of ratios, hereafter "intensity 
ratios" between the intensities at the peak wavelengths is different at each scan angle used in 
the scan of the object, i.e., the intensity ratios are defined as a function of the scan angle, so 
that the scan angle is a single valued function of the intensity ratios. 

Preferably, the imaging system comprises at least two pixel arrays. Preferably, the 
number of pixel arrays is equal to the number of different peak wavelengths. Preferably, each 
different pixel array is sensitive to light in a single narrow band of wavelengths centered at a 
different one of the peak wavelengths. All of the pixel arrays in the system are preferably 
homomorphic. 

The pixel arrays are accurately positioned in the system in known locations. The 
positioning is such, that whenever a pixel in one array is illuminated by fan beam light 
reflected jfrom the object, preferably, a single pixel, corresponding uniquely to the illuminated 
pixel, in each of the other pixel arrays, is also illuminated by fan beam light reflected from the 
object. These corresponding pixels, one from each of the different pixel arrays, define a pixel 
group. The number of pixels in a pixel group is equal to the number of pixel arrays and each 
pixel belongs to one and only one pixel group. 

The pixels in a pixel group are always illuminated simultaneously. Since each of the 
pixels in a pixel group is sensitive to light at a different peak wavelength, when a pixel group is 
illuminated by fan beam hght reflected from the object, the intensity of the reflected fan beam 
light at each of the peak wavelengths is measured. The intensity values measured by the pixels 
in a pixel group thereby measures and identifies the intensity ratios of the reflected fan beam 
light illuminating the pixel group. Assimiing the reflectivity of the object is substantially the 
same for light at each of the peak wavelengths, the intensity ratios of the reflected fan beam 
light is substantially the same as the intensity ratios of the fan beam illuminating the object. 
Since the scan angle is a unique function of intensity ratios of the fan beam, the intensity ratios 
measured by the pixel group therefore measure and identify the scan angle at which the pixels 
in the group are illuminated. 

In accordance with a preferred embodiment of the present invention an object is 
scanned by the laser fan beam over a range of closely spaced scan angles. The surface of the 
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object is thereby successively illuminated along different closely spaced stripes on the surface." 
Each stripe is imaged in each of the pixel arrays, generally along a curved or segmented line of 
pixels. The image in each of the pixel arrays represents a profile, from light of a different peak 
wavelength, of that portion of the object illuminated by the fan beam. Each small localized 
5 region of the stripe reflects light into the imaging system and illuminates the pixels of a 
different pixel group. Preferably, the pixels in the pixel group are in the same relative positions 
in their respective arrays. 

When the scan is complete, each of the pixel arrays has a pattern of pixels which have 
been illuminated and have registered different hght intensities, i.e. each pixel array has an 

10 "image frame" of pixels illuminated at various hght intensities. By collating the registered hsht 
intensities from all the image frames according to pixel group and comparins the light 
intensities within a group with each other, in accordance with a preferred embodiment of the 
present invention, the scan angle at which each pixel in the imaging system was illuminated is 
determined. The three position coordinates of the point on the surface of the object from which 

15 each pixel was illuminated can therefore be calculated and a 3D image of the object 
constructed. 

Since each pixel can be uniquely associated with the scan angle at which it was 
illuminated there is no need to acquire a different pixel array image frame for each scan ansle. 
Data from all the scan angles used in a scan is registered simultaneously in all the pixel arrays, 

20 in the time it takes to acqufre a single image frame, - 33 msec or less for conventional video. 
The scan, and the 3D imaging, of the object can therefore be performed in real time. 

In the case where scanning of an object by the laser fan beam, in accordance with a 
preferred embodiment of the present invention, is performed in the presence of additional light 
. sources and/or ambient Ught which illuminates the object, the object is imaged in the pixel 

25 arrays simultaneously by Ught from the laser fan beam and by Ught from the additional light 
sources and/or ambient Ught, hereafter referred to as "background Ught". Images in the pixel 
arrays from the background Ught will degrade the correspondence between the intensity ratios 
and the scan angles from which pixel groups are illmninated and thereby degrade the 3D image 
of the object constructed from the images registered on the pixel arrays. In a preferred 

30 embodiment of the present invention images obtained with a fan beam in the presence of 
background Ught are corrected by subtracting from the images the contributions to the images 
resulting from the background Ught. In order to perform the correction, images of the object are 
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first made with the background light in the absence of the laser fan beam light. As a result, an 
image of an object obtained in accordance with a preferred embodiment of the present 
invention, is relatively insensitive to illumination of the object by ambient hght and by light 
from additional hght sources. 

In a preferred embodiment of the present invention, the difference between peak 
wavelengths is small relative to the peak wavelengths. This reduces the possibility that 
variations in the reflectivity of the sxirface of an object scanned will affect intensity 
measurements and degrade the correspondence between the measured fan beam intensity and 
the actual fan beam intensity. 

Alternatively or additionally, in order to correct for variations in the reflectivity of 
different local regions of the surface of an object imaged, a calibration image of the object is 
preferably obtained by imaging the object with the same intensity of light for all peak 
wavelengths and for all scan angles used to image the object. For subsequent images of the 
object, the intensity of hght measured at each pixel of each pixel array is preferably divided by 
the intensity of the light measured for the pixel in the calibration image. This yields for each 
pixel in an image of the object a reflectivity corrected intensity for the pixel. The reflectivity 
corrected intensities are substantially independent of differences in reflectivity of different local 
regions of the surface of the object. The corrected intensities represent more accurately the 
intensities of light in the fan beam from which the pixels are illuminated than do the intensities 
themselves. Therefore, a more accurate determination of the scan angle from which a pixel is 
illimainated can be determined using reflectivity corrected intensities than by using the 
xmcorrected intensities. As a result, an image of an object obtained in accordance with a 
preferred embodiment of the present invention, is substantially independent of differences in 
the reflectivity of different regions on the surface of the object imaged. 

Preferably, the light in the fan beam is radiated by laser chips packaged in a same 
housing. Alternatively, and preferably, the fan beam can be composed by combining light 
beams radiated by separate lasers using beam combiners, where each of the separate lasers 
lases at a different one of the peak wavelengths. 

In a preferred embodiment of the invention, the correspondence between a scan angle 
and a particular fan beam set of intensity ratios is verified and/or controlled using a position 
sensing device ("PSD")- A PSD, preferably in the shape of a long narrow strip, is accurately 
positioned with respect to the fan beam, preferably on a sxirface on which an object to be 
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scanned is located. The orientation of the PSD is preferably such, that for each setting of the 
scan angle, a substantially different thin stripe on the PSD, perpendicular to the long dimension 
of the PSD, is illuminated. Each position of the stripe along the PSD therefore defines a 
particular scan angle. As the scan angle increases or decreases, the position of the thin 
5 illuminated stripe along the length of the PSD moves by a corresponding amount. The position 
of the illuminated stripe along the length of the PSD is preferably sensed and suitably 
measured by the PSD and the measured position transmitted to an appropriate control unit. The 
position of the stripe along the PSD can be used to monitor the fan beam position or to control, 
in a closed loop real time control system, the position of the fan beam and determine the 

10 intensity ratios of the peak intensities in the fan beam as a fimction of scan angle. 

In some preferred embodiments of the present invention, the intensity ratios of the fan 
beam as a function of scan angle are registered on the pixel arrays. Fan beam hght reflected 
from a surface region having an accurately known shape and which is accurately positioned 
with respect to the fan beam, and preferably, near to the object imaged, is imaged on the pixel 

15 arrays. Since the position and shape of the reflecting surface is accurately knovai, the scan 
angle fi-om which the fan beam hght is reflected can be calculated from the positions of the 
pixels in the pixel arrays at which the reflected fan beam light is imaged. The ratio of the 
intensities of the images at these pixel positions gives the fan beam intensity ratios of the fan 
beam for the calculated scan angle. 

20 In a preferred embodiment of the present invention the laser fan beam has a narrow 

peak of mtensity at two different peak- wavelengths. Preferably, the intensity of light at one of 
the peak wavelengths increases linearly with scan angle and the intensity of hght at the other 
peak wavelength decreases linearly with scan angle. The fan beam therefore has a unique 
mtensity ratio for each scan angle, with the intensities of the hght at the two peak wavelengths 

25 and their ratio having unique values for each scan angle. 

Preferably, the imaging system comprises two identical CCD cameras. Preferably, the 
optic axes of the two cameras intersect at 90^, The cameras preferably share a common 
objective lens. The optic distance from the center of the objective to each of the cameras is 
preferably the same. Preferably, a beam splitter at 45^ to the optic axis of each of the cameras 

30 is located at the intersection of the optic axes of the rwo cameras. The beam sphtter preferably 
divides hght passing through the objective lens between the two cameras, according to the 
wavelengths of the light. 
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The cameras share a same field of view. An object placed in the field of view is imaged " 
in both cameras so that preferably, a pixel in the image of the object in one camera corresponds 
to one and only one pixel in the image of the object in the other camera. Each set of such 
corresponding pixels, one from each of the cameras, forms a pixel group, in accordance with a 
preferred embodiment of the present invention. Accurate correspondence and registration 
between pixels in the different pixel arrays can be achieved by using splitting prisms 
commonly used in quality color camera systems. 

The light entering each of the cameras is preferably fi^ltered so that one of the cameras 
is sensitive only to light having a wavelength in a narrow band of wavelengths centered at one 
of the peak wavelengths and the other camera is sensitive only to hght having a wavelength in 
a narrow band of wavelengths centered at the other peak wavelength. More preferably, the 
beam spliner is a narrow band reflective filter, so that the beam splitter performs the filtering 
for the two cameras. 

An object to be imaged is positioned in the field of view of the cameras and is then 
scanned by the laser fan beam which rotates through a range of scan angles. Each CCD camera 
preferably acquires an image of the object in a single image fi-ame by exposure to hght at a 
different one of the peak wavelengths of the fan beam. 

The scan angle at which a pixel in an image firame is acquired can be determined by 
dividing the intensity of the light registered by the pixel by the intensity of hght registered by 
its corresponding pixel in the other image frame (i.e. by the intensity measured by the other 
pixel in the pixel group to which the pixel belongs). The result of the division is the ratio 
between the light intensities for the two peak wavelengths of the fan beam at the scan angle at 
which the pixel was illimiinated. Alternatively, the scan angle can preferably be determined by 
using a look up table which associates each scan angle with a different pair of intensity values. 
The three position coordinates of the point on the surface of the object fi*om which the pixel 
was illuminated can therefore be calculated. Repeating the process for each pixel in the image 
fi'ame gives a 3D map of the object. 

There is therefore provided in accordance with a preferred embodiment of the present 
invention an apparatus for imaging an object comprising: a scanning light beam, encoded with 
data corresponding to an illumination position of the scanning light beam, which illumination 
position data comprises at least one of the location and orientation of the scanning light beam; 
a controller which positions the coded scanning light beam at successive illumination positions 
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SO as to selectively illuminate localized surface regions of the object; and an imaging system - 
comprising at least one photosensitive imager hght sensor which images respective localized 
surface areas of a siirface region illimiinated by the scanning light beam on respective localized 
image areas of the at least one photosensitive imager and wherein, at said localized image 
areas, illumination position code data is recordable; wherein three spatial coordinates of a 
locaUzed surface area imaged by said at least one photosensitive imager are determinable from 
the location of the locaUzed image area at which said localized surface area is imaged and the 
illtrnirnation position code data recorded at said localized image area. 

Preferably, the scanning light beam is a light beam having a controllable intensity, and 
the scanning light beam is encoded with illumination position data by controlling the intensity 
of light in the scanning light beam so that the intensity is different for different illumination 
positions. 

The scanning Ught beam preferably comprises light in at least two bands of 
wavelengths and encoding the scanning light beam comprises controlling the relative intensity 
of light in the at least two bands of wavelengths. Preferably, the bands of wavelengths are 
substantially non-overlapping bands of wavelengths. Alternatively or additionally, the bands of 
wavelengths are preferably narrow bands of wavelengths, Altematively or additionally, a band 
of wavelengths comprises substantially one wavelength. 

In some preferred embodiments of the present invention the reflectivity of the surface 
of the object for light of different bands of wavelengths in the scanning light beam is 
substantially the same. In some preferred embodiments of the present invention the 
wavelengths of Ught in the bands of wavelengths of the scanning Ught beam are sufficiently 
close to each other so that the reflectivity of the surface of the object for the light of different 
wavelength bands is substantially the same. 

In some preferred embodiments of the present invention the encoding of the scanning 
Ught beam comprises varying intensity of light in one band of wavelengths so that it is a linear 
increasing function of an illumination position variable and varying the intensity of Ught in 
another band of wavelengths so that it is a linear decreasing function of the illumination 
position variable. 

In some preferred embodiments of the present invention the at least one photosensitive 
imager is a single photosensitive imager. Preferably, the single photosensitive imager images 
the object with Ught having wavelengths in each of the wavelength bands encoded with 

10 
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illumination position data and wherein light from different wavelength bands are imaged at 
different locations in the single photosensitive imager. 

In other preferred embodiments of the present invention the at least one photosensitive 
imager comprises one photosensitive imager for each of the wavelength bands encoded with 
illumination position data. 

In some preferred embodiments of the present invention the scanning light beam 
comprises two substantially coincident laser beams of light having different wavelength bands. 
In some preferred embodiments of the present invention wherein the at least one photosensitive 
imager is a single photosensitive imager the photosensitive imager images the object with light 
of the same wavelength at all imaging areas of the photosensitive imager. Preferably, images 
of the object corresponding to the same illumination positions are recorded with a first intensity 
in a first image frame and a second intensity in a second image frame of the single 
photosensitive imager and the ratio of the intensities between an image of the object in the first 
frcime and an image of the object in the second image frame determines the illumination 
position from which the images were illuminated. 

In some preferred embodiments of the present invention the scanning light beam is 
substantially a pencil beam. 

In other preferred embodiments of the present invention the scanning hght beam is a 
thin planar fan beam. Preferably, the illumination position of the fan beam is denned by the 
location and orientation of an axis in the plane of the fan beam and a scan angle, wherein the 
scan angle is an angle of rotation of the fan beam about the axis. 

In some preferred embodiments of the present invention the scaiining Ught beam 
comprises at least one laser beam. 

In some preferred embodiments of the present invention images of the object from light 
reflected from the scanning light beam at a plurality of illumination positions are recorded in 
one image frame of the at least one photosensitive imager. 

Some preferred embodiments of the present invention comprise a processor which 
determines three spatial coordinates for each of a plurality of localized surface areas of the 
object by decoding position code data recorded at a plurality of image areas of light sensors and 
the processor uses the determined spatial coordinates to provide a three dimensional image of 
the object. 
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In some preferred embodiments of the present invention a photosensitive imager 
comprises an array of light sensitive elements. 

There is also provided in accordance with a preferred embodiment of the present 
invention a method for 3 dimensional imaging of an object comprising: (a) providing a 
scanning light beam comprising light of at least one wavelength, encoded with data 
corresponding to an illumination position of the scanning light beam, v/herein the illumination 
position of the scanning light beam comprises at least one of the location and orientation of the 
scanning light beam; (b) reflecting light of the scanning light beam from the surface of the 
object from at least one illumination position of the scaiming light beam; (c) imaging a 
plurality of light rays of the reflected light on at least one photosensitive imager, wherein each 
of the plurahty of light rays is reflected from a localized region on the surface of the object and 
light rays reflected from substantially different localized regions are imaged at different 
locahzed image regions of the at least one photosensitive imager; (d) registering illumination 
position data encoded in the reflected light rays at the localized image regions at which the 
reflected light rays are imaged; and (e) determining three spatial coordinates for localized 
regions on the surface of the object from which light rays are reflected, using locations on the 
at least one photosensitive imager of said localized image regions and said illumination 
position data. 

Preferably, providing a scanning light beam encoded with data corresponding to an 
illumination position of the scanning light beam, comprises controlling the intensity of the 
scanning light beam to be different for different illumination positions. Preferably, registering 
illumination position data comprises registering the intensity of light rays imaged. Controlling 
the intensity of the scanning beam preferably comprises controlling the intensity of light in the 
scanning beam as a function of wavelength. 

Preferably, the scanning light beam comprises at least two wavelength bands of light, 
wherein controlling the intensity of light in the scanning beam comprises controlling the 
intensity of light in each band independently of the intensity of hght in the other of the at least 
two bands of the scanning light beam. 

Controlling the intensity of hght preferably comprises controlling the intensity of light 
in the wavelength bands so that ratios between the intensities of light in different wavelength 
bands is different for difjFerent illumination positions. 
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Preferably, controlling the intensity of light comprises controlling the intensity of hght' 
in one of the at least two bands so that the intensity in one of the at least two bands is a linear 
increasing function of an illumination position parameter and controlhng the intensity of light 
in a different one of the at least two bands so that it is a linear decreasing function of the 

5 illumination position parameter. 

In some preferred embodiments of the present invention the wavelength bands are non- 
overlapping wavelength bands. Alternatively or additionally, at least one wavelength band of 
the wavelength bands is preferably a narrow band of wavelengths. In some preferred 
embodiments of the present invention, at least one wavelength band of the wavelength bands 

1 0 comprises substantially one wavelength. 

In some preferred embodiments of the present invention, the at least one photosensitive 
imager is one photosensitive imager. Light rays having wavelengths in different wavelength 
bands of the scanning light beam are preferably imaged at different localized image locations 
of the photosensitive imager. 

15 In other preferred embodiments of the present invention the at least one photosensitive 

imager comprises at least two photosensitive imagers. Preferably, light rays of the plurality of 
reflected light rays having wavelengths in different wavelength bands of the scanning light 
beam are imaged so that for any pair of photosensitive imagers of the at least two 
photosensitive imagers, there is at least one wavelength band such that, light rays having 

20 wavelengths in this at least one wavelength band are imaged by only one of the pair of the 
photosensitive imagers. Alternatively, each of the at least one photosensitive imagers 
preferably images light rays having wavelengths in only one of the wavelength bands of the 
scanning light beam. 

In some preferred embodiments of the present invention wherein the at least one 
25 photosensitive imager is a single photosensitive imager, imaging reflected rays preferably 
comprises imaging reflected rays twice for each of the at least one illxmiination positions. 

In some preferred embodiments of the present invention, the scanning light beam is 
substantially a pencil beam. 

In other preferred embodiments of the present invention the scanning light beam is a 
30 thin planar fan beam. Preferably, the illumination position of the fan beam is defined by at least 
one of, the position of an axis in the plane of the fan beam and a scan angle, wherein the scan 
angle is an angle of rotation of the fan beam about the axis and wherein the fan beam is 
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encoded with the scan angle. Preferably, reflecting light from the surface of the object for at ' 
least one illumination position of the scanning Ught beam comprises reflecting light from the 
surface of the object from a scan angle. 

In some preferred embodiments of the present invention the reflectivity of the surface 
of the object for light of different wavelengths in the scanning Ught beam is substantially the 
same. Additionally or alternatively, the wavelengths of light in the scanning Ught beam are 
sufficiently close to each other so that the reflectivity of the surface of the object for the light of 
different wavelengths in the scanning Ught beam is substantially the same. 

hi some preferred embodiments of the present invention the scanning Ught beam 
comprises at least one laser beam. 

In some preferred embodiments of the present invention the at least one illumination 
position comprises a plurality of illumination positions. Preferably, recording images of 
reflected Ught rays comprises recording images of reflected Ught rays from at least two of the 
plurality of illumination positions on one image frame of the at least one photosensitive 
imager. 

In some preferred embodiments of the present invention reflecting and imaging a 
pluraUty of Ught rays comprises: (i) performing a first imaging of light rays reflected from 
localized surface regions of the object wherein the intensity of the scanning Ught beam is the 
same for each of the at least one illumination positions from which the light rays are reflected; 
and (ii) performing a second imaging of light rays reflected from the localized surface regions 
of the object wherein the intensity of the scanning light beam is different for each of the at least 
one iUumination positions from which the light rays are reflected; and detennining three spatial 
coordinates comprises dividing the intensity of light rays reflected from a localized region of 
the surface of the object from the second imaging by the intensity of light rays reflected from 
the locaUzed region- from the first imaging. 

In some preferred embodiments of the present invention: reflecting and imaging a 
pluraUty of Ught rays comprises: (i) perforaiing a first imaging of Ught rays reflected from 
localized surface regions of the object from Ught iUxmiinating the object from ambient light 
sources; and (ii) performing a second imaging of light rays reflected from the locaUzed surface 
regions of the object from light in the scanning light beam; and determining three spatial 
coordinates comprises subtracting the intensity of Ught rays reflected from a localized region of 
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the surface of the object from the second imaging from the intensity of light rays reflected fr-om 
the locaiized region from the first imaging. 

In some preferred embodiments of the present invention the at least one photosensitive 
imager comprises an array of hght sensitive elements. 

Some preferred embodiments of the present invention comprise producing a three 
dimensional image of the object using the determined spatial coordinates of localized regions 
on the surface of the object from which light rays are reflected. 

BRIEF DESCRIPTION OF FIGURES 
The invention will be more clearly understood by reference to the following description 
of preferred embodiments thereof in conjimction with the figures, wherein identical structures, 
elements or parts which appear in the figures are labeled with the same numeral, and in which: 

Fig. 1 shows a schematic of a conventional triangulation visual imaging system with a 
fan beam at a scan angle 6, imaging an object; 

Fig. 2A shows a schematic of a visual imaging system in accordance with a preferred 
embodiment of the present invention with a fan beam at a scan angle 0, imaging an object; and 

Fig. 2B shows a dependence of a laser fan beam intensity profile as a function of scan 
angle in accordance with a preferred embodiment of the present invention. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 
Fig. 1 shows a schematic of a conventional triangulation imaging system 20 imaging an 
object 21. A laser 22, emits a beam 24 of laser light, which enters a transmission optics module 
26. Transmission optics module 26 coliimates and expands beam 24 to form a thin fan beam 28 
of light. Fan beam 28 is incident on a scanning mirror 30 along a line 31. Scanning mirror 30 
reflects fan beam 28 at a scan angle 9, which is measured between a central ray 29, of fan beam 
28 and a line 33. Line 33 is preferably perpendicular to both line 31 and the direction of beam 
24. Scan angle 9 is preferably changed by rotating scanning mirror 30 about an axis coincident 
with line 31, This structure is commonly used in triangulation type systems. (In some systems a 
polygonal scanner is used in place of scanning mirror 30 to change scan angle 0). 

At scan angle 9, fan beam 28 illuminates a thin stripe 34 on the surface of object 21. 
Light reflected firom points on the surface of object 21, along stripe 34, passes through a lens 
36, of a CCD camera (not shown) and is incident on a band of pixels 39 in a focal plane 38, of 
the camera. The optic axis of lens 36, the direction of beam 24, line 33 and central ray 29 are 
preferably coplanar. 

15 
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A convenient set of coordinate axes for measuring distances between elements of the 
system has its 2 axis coincident with the optical axis of lens 36 and its y axis oriented so that 
beam 24, line 29, and line 33 are in the yz plane. Lens 36 is typically located at a height h, 
along the z axis above the xy plane on which object 21 is placed. Focal plane 38 is typically 
situated a distance f above lens 36 along the z axis. Line 33 is preferably parallel to the z axis at 
a distance D from the z axis. Line 31 is preferably perpendicular to the yz plane at the same 
height h above the xy plane as lens 36, 

A bundle of light rays 40 in fan beam 28 is incident on a point 42, in stripe 34. Point 42 
is located in space by coordinates X, Y, Z. A diverging cone of light rays 44, reflected from 
point 42, passes through lens 36 and is focused, in a converging light cone 46, onto a pixel 48, 
in pixel band 39. Pixel 48 is located on focal plane 38 by coordinates q and r. A straight line 
50, through point 42 and the center of lens 36 meets pixel 48 and is the central light ray of light 
cones 44 and 46. 

From the geometry of the schematic shown in Fig. 1 the coordinates X, Y, Z, of point 
42 are given by: Y= qD/[q+f'»^tanG], Z=h(l-Y*f^[h*q]), X=(h-Z)*(r/f). 

To determine the coordinates of substantially all the points on the surface of object 21 
and produce a 3D map of object 21 scan angle 9 is varied through a range of values so as to 
illuminate object 21 successively along different closely spaced stripes 42. However, in order 
to retain correspondence between the pixels in pixel band 39 and scan angle 0, a complete 
image frame of focal plane 38 is grabbed and processed for each scan angle 6 and stripe 42. 

Fig. 2 A shows a visual imaging system 60 for imaging object 21 in accordance with a 
preferred embodiment of the present invention. 

Visual imaging system 60 preferably comprises a laser unit 62, comprising two lasers 
(not shown), preferably lasing at nearby frequencies 7A and 7J1. Laser unit 62 therefore 
preferably produces a laser -beam 64 having a light intensity profile with sharply defined 
narrow peaks at wavelengths XI and 7J1. The intensity with which each of the lasers in laser 
unit 62 lases is preferably independently controlled by a processor 66 to which it is connected 
by a data and control channel 67. The intensity of each of the lasers is preferably controlled by 
controlling the frequency of the laser voltage supplied to that laser. Fig. 2B shows an intensity 
profile 68 of beam 64 that graphs the intensity 'T* of beam 64 against wavelength X where both 
lasers are lasing at the same intensity. 
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Beam 64 preferably enters transition optics module 26 which transforms beam 64 into a 
fan beam 70. Fan beam 70 is preferably incident on scanning mirror 30 along line 31. The 
angular position of mirror 30 determines scan angle 9. To perform a complete scan of object 
21, scanning mirror 30 is rotated about an axis coincident with line 31, thereby varying scan 
angle 9 so that fan beam 70 sweeps across the surface of object 21, In some preferred 
embodiments of the present invention, a polygonal scanner is used in place of scanning mirror 
30 to vary scan angle 9. The rotation of scanning mirror 30 is preferably accomplished by a 
mirror actuator (not shown) controlled by processor 66 to which the mirror actuator- is 
preferably connected by a control and data channel 71 . 

In a preferred embodiment of the present invention, the intensities with which each of 
the two lasers in laser unit 62 emit light are determined as functions of scan angle 9 so that scan 
angle 9 is a single valued function of the intensities. Preferably, 9 is a single valued function of 
the ratio of the intensities. If Ixi and l}^2 represent the intensities of light in fan beam 70 at 
wavelengths /^l and 7J2 respectively then, 9 = "Pilxi^TJl) where F is a single valued function of 
1X1^X2- Therefore, if Ij^i and Ijjy are measured at an unknown scan angle 9 and are found to 
have values I)j0 and I>^29 respectively, then scan angle 9 can be determined from 9 = 
F(Ix,ie/I>J2e)- Preferably, the emission intensity of one of the lasers is a linear increasing 
function of 6 and the emission intensity of the other laser is a decreasing 
function of 9. 

Preferably, imaging system 60 comprises two CCD cameras 82 and 84. Preferably 
objective lens 36 is common to both CCD cameras 82 and 84. CCD camera 82 has an optic 
axis 86 and a focal plane 88. CCD camera 84 has an optic axis 90 and focal plane 92. 
Preferably, optic axes 86 and 90 intersect at 90*^ at a point 94 and are coplanar with beam 64. 
Preferably focal planes 88 and 92 are equidistant from point 94. CCD camera 82 and 84 are 
preferably connected by control and data channels 83 and 85 to processor 66. 

Fan beam 70 illuminates a stripe 74 on the surface of object 21. Stripe 74 is imaged 
along a band of pixels 89 on focal plane 88 and along a band of pixels 93 on image plane 92. A 
bundle of light rays 100, in fan beam 70, illuminates a point 42 on stripe 74. A diverging cone 
of light rays 102 reflected by point 42 passes through lens 36 and is focused in a converging 
light cone 104 of light rays to a pixel 106, on focal plane 88. Before reaching focal plane 88 
light in light cone 104 is preferably split by a beam splitter 1,08 into two converging Ught cones 
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110 and 1 12. Light cone 1 10 is focused to a pixel 106 on focal plane 88 and light cone 1 12 is 
focused to a pixel 1 14 on focal plane 92. The central light rays of light cones 102 and 1 10 are 
colinear with a straight line 103, which is coincident with the hght ray reflected from point 42, 
through the center of lens 36, to pixel 106 

Pixel 106 on focal plane 88 and pixel 114 on focal plane 92 are corresponding pixels 
defining a pixel group. Every time one of pixels 106 or 114 is illuminated, the other is 
illuminated. Beam splitter 108 is preferably positioned and oriented at point 92 with respect to 
CCD cameras 82 and 84 so that the field of view of CCD cameras 82 and 84 are identical. As a 
result, every pixel on focal plane 88 has a unique corresponding pixel on focal plane 92 with 
which it forms a imique pixel group. If one pixel of a pixel group is illxuninated, the other is 
illxmfiinated. 

Converging light cone 1 10 is preferably filtered by a filter (not shovra) which transmits 
only light having a wavelength substantially equal to XI and converging light cone 112 is 
preferably filtered by a filter (not shown) which transmits only light having a wavelength 
substantially equal to 7.2. Alternatively and preferably, beam splitter 108 is a narrow bandpass 
filter that transmits light only in a narrow band of wavelengths centered at X.1, thereby 
• performing the filtering with lower loss as it splits the beam. 

As a result of either of these separation methods, the intensity of the light registered by 
pixel 106 is proportional to the intensity of the light in fan beam 70 at wavelength aI and the 
intensity of the hght registered by pixel 114 is proportional to the intensity of the Hght in fan 
beam 70 at wavelength A.2. Therefore, scan angle 9 at which pixels 106 and 114 are illuminated 
is coded into the relationship betv^^een the light intensities that pixels 106 and 114 register, in 
accordance with a preferred embodiment of the present invention, and can be determined from 
the ratio of these light intensities. 

Let Rxi and Ryjj represent the reflectivity of the surface of object 21 at point 42 for 
light of wavelength kl and X2 respectively and a represent the losses through the system optics 
from point 42 to either of pixels 106 or 114. If 1^06 ^nd I114 represent the intensity of light 
incident on pixels 106 and 114 respectively, and IxiQ and I^^g represent the intensity of 
light in fan beam 70 at scan angle 9 for wavelengths 7A and 7J2 respectively, then 
I1O6 o-*R>j* I^ie and In4 = CT*Rjjt=I;k^e- Preferably, XI and ?l2 are so close that 
^Xl = RX2^ so that (I106/I1 14) = O^XIQ > I>.20) and therefore Fai06/Il 14) = ^^X\^ /IX29) = 
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Alternatively or additionally, R^j and R^^ are preferably measured by illuminating " 
point 42 with light at a same intensity, "Cq'*, for both wavelength XI and wavelength kl. If the 
intensity of Ught imaged at pixel 106 from illumination of point 42 with light at wavelength X\ 
and intensity Cq is Cio6» ^len Ci06 = c^*R}.l*Co and K^l^ Cio6/[^*Co]. Similarly, C114 = 
5 cr*Rx'?*Co and R>^2= Cii4/[a*Co]. Using these expressions for Rxi ^7J2 

expression for (1106^114) results in (l\06^iu) = (C1O6/C1 i4)*(Ixi9/I;l2G) and therefore 
aiO6/Ci06V(Ill4/Cii4) = (Jue^Tae) so that F[(Ii06/Ci06y(Ill4/Cll4)] =©• 

From the direction of line 103 and the angle 9, the three spatial coordinates of point 42, 
(x, y, 2) can be calculated by methods well known in the art or by the equations given above. 
10 In accordance with a preferred embodiment of the present invention, processor 66 

rotates fan beam 70 through a range of scan angles 0 illuminating object 21 along a succession 
of closely spaced stripes 74. For each scan angle 6 processor 66 preferably sets the ratio of 
1X1^X2 ^ unique value so that 9 = ¥{lx\fl}Jl )• 

Preferably, visual imaging system 60 comprises a position sensing device, "PSD", 72. 
15 PSD 72 is accurately positioned with respect to the other elements of imaging system 60, 
preferably near to object 21 so that for each scan angle G, fan beam 70 illuminates object 21, 
the xy plane, and PSD 72 along a thin stripe 73. 

Stripe 73 crosses PSD 72 at a distance L from an end 76 of PSD 72. PSD 72 preferably 
produces an output signal which is a function of L which signal it transmits to processor 66 
20 over a data channel 78. Processor 66 preferably uses the output signal received from PSD 72 to 
monitor 6 or control 0 by using the output from PSD 72 to set and control the position of 
mirror 30. Preferably, the output of PSD 72 is used to control the intensities at which the two 
lasers in Iziser unit 62 lase. 

At each scan angle 9, each pixel of a trace of pixels in focal planes 88 and 92 of CCD 
25 cameras 82 and 84 respectively, registers the intensity of the light at which it is illuminated. 
Upon completion of a scan, processor 66 preferably down loads an image frame of pixels from 
each of CCD cameras 82 and 84 over data chaimels 83 and 85 respectively. 

Following downloading, processor 66 determines the scan angle at which each pixel in 
a down loaded image fi*ame was illuminated by preferably dividing the light intensity 
30 registered by the pixel, by the light intensity registered by its corresponding pixel, in the same 
pixel group, on the other down loaded image frame of pixels. The result of the division is 
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preferably used to determine 1x1^X2 the scan angle at which the pixel was illuminated and 
the scan angle is calculated from 6 = ^(1x1^X2)' Alternatively, the scan angle can preferably be 
determined using a look up table which associates each scan angle with a different pair of 
values for the intensities of light registered by a pair of corresponding pixels. Processor 66 then 
5 preferably calculates the three spatial coordinates of the point on object 21 from which the 
pixel was illuminated using the scan angle and the position of the pixel in the image frame. 

The coordinates of all the points from which pixels were illuminated are used by 
processor 66 to provide a 3D image of object 21 which is preferably displayed on a video 
screen 120 to which processor 66 is connected. Alternatively or additionally the values are 

10 used, for example to compare the x,y,2 positions to a standard. 

The present invention has been described using a non limiting detailed description of a 
preferred embodiment thereof Variations of the embodiment described will occur to persons 
of the art. For example, the two separate CCD cameras can be replaced by a single camera with 
a single sohd state imaging chip such as a CCD or CMOS that has on the one chip pairs of 

15 elements each selectively sensitive to different peak wavelengths of the laser fan beam. Such a 
camera would image different peak wavelengths on different areas of the imaging chip in the 
same way that conventional color CCD cameras image different colors on different pixels of a 
light sensitive chip. Also the CCD cameras can be replaced by CMOS, APS or CID.image 
sensors. In another possible variation of the present invention, a coded pencil beam which 

20 scans in two directions can be used instead of a fan beam which scans in one direction. In still 
other possible variations, position and direction coding of Hght rays can be accomplished using 
different multiphcities of peak wavelengths and different functions for relating beam intensities 
at peak wavelengths to scan angles. A different variation of the invention might code direction 
into beam intensity using a single peak wavelength and performing two sequential scans at 

25 different intensities. In the first scan the intensity of the beam is varied for example, as an 
increasing function of scan angle and in the second scan the intensity of the beam is varied for 
example, as a decreasing function of scan angle. A preferred embodiment of the present 
invention might comprise different features or combinations of features from these variations 
and from the preferred embodiment. 

30 The detailed description of the preferred embodiment is provided by way of example 

and is not meant to limit the scope of the invention which is limited only by the following 
claims: 
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CLAIMS 



1 . Apparatus for imaging an object comprising: 

a scanning light beam, encoded with data corresponding to an illimiination position of 
the scanning light beam, which illumination position data comprises at least one of the 
location and orientation of the scanning light beam; 

a controller which positions the coded scanning light beam at successive illumination 
positions so as to selectively illuminate localized surface regions of the object; and 

an imaging system comprising at least one photosensitive imager light sensor which 
images respective localized surface areas of a surface region illuminated by the scaiming light 
beam on respective locaUzed image areas of the at least one photosensitive imager and wherein, 
at said localized image areas, illumination position code data is recordable; wherein 

three spatial coordinates of a localized surface area imaged by said at least one 
photosensitive imager are determinable from the location of the localized image area at which 
said localized surface area is imaged and the illumination position code data recorded at said 
localized image area. 

2. Apparatus according to claim 1 wherein the scanning light beam is a light beam having 
a controllable intensity, and the scaiming light beam is encoded with illiunination position data 
by controlling the intensity of light in the scanning Ught beam so that the intensity is different 
for different illumination positions. 

3. Apparams according to claim 2 wherein the scanning light beam comprises light in at 
least two bands of wavelengths and wherein the encoding of the scaiming light beam 
comprises controlling the relative intensity of light in the at least two bands of wavelengths. 

4. Apparatus according to claim 3 wherein the bands of wavelengths are substantially non- 
overlapping bands of wavelengths. 

5. Apparatus according to claim 3 or claim 4 wherein the bands of wavelengths are narrow 
bands of wavelengths. 
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6. Apparatus according to any of claims 3-5 wherein a band of wavelengths comprises 
substantially one wavelength. 

7. Apparatus according to any of claims 3-6 wherein the reflectivity of the surface of the 
object for light of different bands of wavelengths in the scanning Ught beam is substantially the 
same. 

8. Apparatus according to any of claims 3-6 wherein the wavelengths of light in the bands 
of wavelengths of the scanning hght beam are sufficiently close to each other so that the 
reflectivity of the surface of the object for the light of different wavelength bands is 
substantially the same, 

9. Apparatus according to any of claims 3-8 wherein the encoding of the scanning light 
beam comprises varying intensity of Ught in one band of wavelengths so that it is a linear 
increasing function of an illumination position variable and varying the intensity of light in 
another band of wavelengths so that it is a linear decreasing function of the illmnination 
position variable. 

10. Apparatus according to any of claims 3-9 wherein the at least one photosensitive imager 
is a single photosensitive imager. 

11. Apparatus according to claim 10 wherein the single photossnsitive imager images the 
object with light having wavelengths in each of the wavelength bands encoded with 
illimiination position data and wherein light from different wavelength bands are imaged at 
different locations in the single photosensitive imager. 

12. Apparatus according to any of claims 3-9 wherein the at least one photosensitive 
imager comprises one photosensitive imager for each of the wavelength bands encoded with 
illumination position data. 

13. Apparatus according to any of the preceding claims wherein the scanning hght beam 
comprises two substantially coincident laser beams of light having different wavelength bands. 
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14. Apparatus according to claim 1 or claim 2 wherein the at least one photosensitive 
imager is a single photosensitive imager. 

5 15. Apparatus according to claim 14 wherein the photosensitive imager images the object 
with hght of the same wavelength at all imaging areas of the photosensitive imager. 

16. Apparatus according to claim 15 wherein images of the object corresponding to the 
same illumination positions are recorded with a first intensity in a first image firame and a 
10 second intensity in a second image frame of the single photosensitive imager and wherein the 
ratio of the intensities between an image of the object in the first fi-ame and an image of the 
object in the second image frame determines the illumination position from which the images 
were illuminated. 

15 17. Apparatus according to any of the previous claims wherein the scanning light beam is 
substantially a pencil beam. 

18. Apparatus according to any of claims 1-16 wherein the scanning light beam is a thin 
planar fan beam. 

20 

19. Apparatus according to claim 18 wherein the illumination position of the fan beam is 
defined by the location and orientation of an axis in the plane of the fan beam and a scan angle, 
wherein the scan angle is an angle of rotation of the fan beam about the axis. 

25 20. Apparatus according to any of the preceding claims wherein the scanning light beam 
comprises at least one laser beam. 

21. Apparatus according to any of the preceding claims wherein images of the object from 
light reflected from the scanning light beam at a plurality of illumination positions are recorded 
in one image fi*ame of the at least one photosensitive imager. 
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22. An apparatus according to any of the above claims comprising a processor which - 
determines three spatial coordinates for each of a plurality of localized surface areas of the 
object by decoding position code data recorded at a plurality of image areas of light sensors and 
wherein said processor uses the determined spatial coordinates to provide a three dimensional 

5 image of the object. 

23. Apparatus according to any of the previous claims wherein a photosensitive imager 
comprises an array of light sensitive elements. 

24. A method for 3 dimensional imaging of an object comprising: 

(a) providing a scanning light beam comprising light of at least one wavelength, 
encoded with data corresponding to an illumination position of the scanning light beam, 
wherein the illumination position of the scanning light beam comprises at least one of the 
location and orientation of the scanning light beam; 

(b) reflecting light of the scanning light beam from the surface of the object from at 
least one illumination position of the scanning light beam; 

(c) imaging a plurality of light rays of the reflected light on at least one photosensitive 
imager, wherein each of the plurality of hght rays is reflected from a localized region on the 
surface of the object and light rays reflected from substantially different localized regions are 
imaged at different localized image regions of the at least one photosensitive imager; 

(d) registering illumination position data encoded in the reflected light rays at the 
localized image regions at which the reflected light rays are imaged; and 

(e) determining three spatial coordinates for localized regions on the surface of the 
object from which light rays are reflected, using locations on the at least one photosensitive 
imager of said localized image regions and said illumination position data. 

25. A method according to claim 24 wherein providing a scanning light beam encoded with 
data corresponding to an illumination position of the scanning light beam, comprises 
controlling the intensity of the scanning light beam to be different for different illumination 

30 positions. 
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26. A method according to claim 25 wherein registering illumination position data - 
comprises registering the intensity of light rays imaged. 

27. A method according to claim 26 wherein controlling the intensity of the scanning beam 
5 comprises controlling the intensity of light in the scanning beam as a function of wavelength. 

28. A method according to claim 27 wherein the scanning light beam comprises at least two 
wavelength bands of light, wherein controlling the intensity of light in the scanning beam 
comprises controlling the intensity of light in each band independently of the intensity of light 

10 in the other of the at least two bands of the scanning light beam. 

29. A method according to claim 28 wherein controlling the intensity of light comprises 
controlling the intensity of light in the wavelength bands so that ratios between the intensities 
of Hght in different wavelength bands is different for different illumination positions. 

15 

30. A method according to claim 29 wherein controlling the intensity of light comprises 
controlling the intensity of light in one of the at least two bands so that the intensity in one of 
the at least two bands is a linear increasing function of an illumination position parameter and 
controlling the intensity of light in a different one of the at least two bands so that it is a linear 

20 decreasing function of the illumination position parameter. 

31. A method according to any of claims 28 -30 wherein the wavelength bands are non- 
overlapping wavelength bands. 

25 32, A method according to any of claims 28-31 wherein at least one wavelength band of the 
wavelength bands is a narrow band of wavelengths. 

33. A method according to any of claims 28 - 32 wherein at least one wavelength band of 
the wavelength bands comprises substantially one wavelength. 

30 

34. A method according to any of claims 28 - 33 wherein the at least one photosensitive 
imager is one photosensitive imager. 

25 
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35. A method according to claim 34 comprising imaging light rays having wavelengths in 
different wavelength bands of the scanning light beam at different localized image locations of 
the photosensitive imager. 

5 

36. A method according to any of claims 28 - 35 wherein the at least one photosensitive 
imager comprises at least two photosensitive imagers. 

37. A method according to claim 36 comprising imaging light rays of the plurality of 
10 reflected light rays having wavelengths in different wavelength bands of the scanning light 

beam so that for any pair of photosensitive imagers of the at least two photosensitive imagers, 
there is at least one wavelength band such that, light rays having wavelengths in this at least 
one wavelength band are imaged by only one of the pair of the photosensitive imagers. 

15 38. A method according to claim 36 wherein each of the at least one photosensitive imagers 
images light rays having wavelengths in only one of the wavelength bands of the scaiming light 
beam. 

39. A method according to any of claims 24 - 27 wherein the at least one photosensitive 
20 imager is a single photosensitive imager. 

40. A method according to any of claims 24 - 27 or claim 39 wherein imaging reflected 
rays comprises imaging reflected rays twice for each of the at least one illumination position. 

25 41. A method according to any of claims 24 - 40 wherein the scanning light beam is 
substantially a pencil beam. 

42. A method according to any of claims 24- 40 wherein the scanning light beam is a thin 
planar fan beam. 

30 

43. A method according to claim 42 wherein the illumination position of the fan beam is 
defined by at least one of, the position of an axis in the plane of the fan beam and a scan angle, 

26 
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wherein the scan angle is an angle of rotation of the fan beam about the axis and wherein the - 
fan beam is encoded with the scan angle. 



44. A method according to claim 43 wherein reflecting light from the sxirface of the object 
for at least one illumination position of the scanning light beam comprises reflecting light from 
the surface of the object from a scan angle. 

45. A method according to any of claims 24-44 wherein the reflectivity of the surface of 
the object for Ught of different wavelengths in the scanning light beam is substantially the 
same. 

46. A method according to any of claims 24 - 45 wherein the wavelengths of light in the 
scanning light beam are sufficiently close to each other so that the reflectivity of the surface of 
the object for the light of different wavelengths in the scanning light beam is substantially the 
same. 

47. A method according to any of claims 24 - 46 wherein the scanning light beam 
comprises at least one laser beam. 

48. A method according to any of claims 24 - 47 wherein the at least one illumination 
position comprises a plurality of illumination positions. 

49. A method according to claim 48 comprising recording images of reflected hght rays 
from at least two of the plurality of illumination positions on one image frame of the at least 
one photosensitive imager. 

50. A method according to any of claims 25 - 49 wherein: 
reflecting and imaging a plurality of Hght rays comprises: 

(i) perfomiing a first imaging of Ught rays reflected from localized surface 
regions of the object wherein the intensity of the scanning light beam is the same for 
each of the at least one illumination positions from which the light rays are reflected; 
and 
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(ii) performing a second inmaging of light rays reflected from the localized surface - 
regions of the object wherein the intensity of the scanning light beam is different for 
each of the at least one illumination positions from which the light rays are reflected; 
and 

wherein determining three spatial coordinates comprises dividing the intensity of light 
rays reflected from a localized region of the surface of the object from the second imaging by 
the intensity of light rays reflected from the localized region from the first imaging. 

51. A method according to any of claims 25 - 50 wherein: 
reflecting and imaging a plurality of Hght rays comprises: 

(i) performing a first imaging of Ught rays reflected from localized surface regions 
of the object from Ught illuminating the object from ambient light sources; and 

(ii) performing a second imaging of light rays reflected from the locahzed surface 
regions of the object from light in the scanning light beam; and 

wherein determining three spatial coordinates comprises subtracting the intensity of 
light rays reflected from a localized region of the surface of the object from the second imaging 
from the intensity of light rays reflected from the localized region from the first imaging. 

52. A method according to any of claims 24-51 wherein the at least one photosensitive 
imager comprises an array of light sensitive elements. 

53. A method according to any of claims 24 - 52 comprising producing a three dimensional 
image of the object using said detemiined spatial coordinates of localized regions on the 
surface of the object from which light rays are reflected. 
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